Injury to, or dysfunction of, the nervous system can lead to spontaneous pain, hyperalgesia, and/or allodynia. It is believed that the number and activity of GABAergic neurons gradually decreases over the dorsal horn. Glutamic acid decarboxylase (GAD) immunocompetence has been demonstrated on spinal progenitor cells (SPCs) cultivated in vitro. The intrathecal implantation of these cultivated progenitor cells may provide a means of alleviating neuropathic pain. Chronic constriction injury (CCI) of the sciatic nerve was used to induce chronic neuropathic pain in the hind paw of rats. SPCs (1 × 10 6 ) were implanted intrathecally on the third day after the CCI surgery. The behavioral response to thermal hyperalgesia was observed and recorded during the 14 days postsurgery. Various techniques were utilized to trace the progenitor cells, confirm the differentiation, and identify the neurotransmitters involved. GAD immunoactivity was revealed for 65% of the cultivated spinal progenitor cells in our study. We also determined that transplanted cells could survive more than 3 weeks postintrathecal implantation. Significant reductions were demonstrated for responses to thermal stimuli for the CCI rats that had received intrathecal SPC transplantation. A novel intrathecal delivery with SPCs reduced CCI-induced neuropathic pain.
INTRODUCTION
Current therapeutic approaches for the treatment of neuropathic pain include the use of glutamate antagonists, opiates, and GABA agonists to reduce pain sensitivity (1, Peripheral nerve injury caused by surgery or trauma is associated with spontaneous pain, hyperalgesia (in-3,4); however, their limited effectiveness warrants the development of more responsive therapies. Recently, a novel creased pain intensity in response to noxious stimuli), and allodynia (normally innocuous stimuli become painful) therapeutic strategy has been developed involving direct cell transference into the spinal cord using biological (1, 9) . Increased release of excitatory neurotransmitters and prostaglandin E 2 , with accompanying changes in in-minipumps, and it seems reasonable to suggest that this technique might be applicable to the treatment of neuro-tracellular C-Fos expression following inflammation or spinal kainic acid receptor activation, are associated with pathic pain (3,6,7). The most advantageous feature of the cell therapy is the long-term release, obviating the chronic pain (22) . The massive release of excitatory amino acids after nerve injury may activate postsynaptic NMDA necessity of repeated GABA injections, which can be quite inconvenient for the patient and increase the risk and non-NMDA subtypes of the glutamate receptors, thereby inducing excitotoxicity and elevated intracellu-of infection. Neural stem cells have aroused a great deal of interest among medical researchers, not just because lar Ca 2+ concentrations leading to transsynaptic degeneration of GABAergic neurons in spinal dorsal horn lami-of their importance in development, but also for optimistic predictions of therapeutic potential. More signifi-nae I-II (17) . More importantly, several lines of evidence indicate that the downregulation of the inhibitory gamma-cantly, it has become quite clear that a substantial number of neuronal stem cells express the glutamic acid amino butyric acid (GABA) dorsal horn interneurons is also involved in the underlying mechanisms of induction decarboxylase (GAD) phenotype, and it is well known that such enzyme activity regulates GABA synthesis and development of neuropathic pain (7,17).
(5,18). Thus, it seems reasonable to speculate that spinal by agitation for 20 min at 37°C in an atmosphere of 5% CO 2 . The cell suspension was centrifuged at 300 × g for progenitor cell (SPC) transplantation may be developed into an efficacious remedy for neuropathic pain in the 5 min and the cell pellet resuspended in a Deact solution (albumin-ovomucoid inhibitor/DNAse solution). This was future. The present study was designed to test the hypothesis that intrathecally delivered SPCs could effec-layered on top of a discontinuous density gradient of albumin-ovomucoid inhibitor mixture, and then centri-tively alleviate thermal hyperalgesia in CCI rats, a commonly used neuropathic pain model (2). fuged at 70 × g for 5 min. The cell pellet was then resuspended in another growth medium (Neurobasal medium, MATERIALS AND METHODS GIBCO) supplemented with 20 ng/ml of bFGF (Chemi-Animal Preparation and Surgery con), 2 mM L-glutamine, N 2 supplement (GIBCO), 100 U/ml penicillin, and 100 µg/ml streptomycin. Cells in The study protocol was reviewed and approved by the growth medium were plated at a rate of 2.5 × 10 4 the Animal Care Committee of the Chang Gung Memocells/well onto poly-D-lysine/laminin-coated six-well rial Hospital in Kaohsiung. Experiments were performed plates. Cell cultures were fed once every 3-4 days and on rats that weighed 272-330 g at the initial surgery subcultured every 7 days. (male Sprague-Dawley rats from NSC Breeding Laboratories, Taiwan), which had been housed in separate Characterization of SPCs cages using soft bedding in a 12/12-h day/night cycle.
To label the cells in proliferation, filtered medium All experimental protocols followed the National Insticontaining 5 µM of BrdU (Sigma) was prepared, with tute of Health guidelines for the care and use of laboracells incubated for 24 or 48 h, respectively. The cells tory animals. All efforts were made to minimize both were subsequently retrieved for immunocytochemistry the suffering and number of animals used. study as follows. After 2-2.5% isoflurane anesthesia, an incision was
The cell culture was fixed for 10-20 min at room made along the midline of the back of the neck. The mustemperature with a pH 7.4 PBS solution of 4% paracle was freed at its attachment to the skull and retracted formaldehyde, permeabilized by a 2-min incubation in with a flat elevator, exposing the cisternal membrane.
100% EtOH, and washed again with 0.1 M PBS. Cul-An incision was made with a stab blade and the memtures were then incubated in 5% normal goat serum in brane modestly retracted with a small dual hook. A 9-cm 0.1 M PBS with 0.1% Triton X-100 (Sigma) for at least length of PE-5 catheter was inserted for subsequent in-1 h at room temperature. Blocking was followed by intrathecal injection of spinal cord progenitor cells or mecubation in the primary antibodies for at least 2 h at dium alone, with the tip of the catheter placed at the room temperature. The cultures were washed with PBS lumbar enlargement. Where neuromuscular dysfunction and incubated in the dark with the secondary antibodies (motor weakness or signs of paresis) was detected upon for 30 min at room temperature. recovery from anesthesia, animals were euthanized.
The primary antibodies used in the experiment were For CSF microdialysis study, a loop-style microdiaanti-glutamic acid decarboxylase (GAD, 1:200) (Sigma) lysis probe (Marsil Co., Sandiego, CA, USA) was imand anti-BrdU (1:500) (GIBCO), while the secondary planted intrathecally using the technique described above.
antibodies were goat anti-rabbit rhodamine (1:100) (Sigma) Bennett's neuropathic model was used as the basis and goat anti-mouse FITC (1:200) (Sigma). Fluorescence for generation of neuropathic pain. The left sciatic nerve was detected by the use of a Leica fluorescence microwas exposed under isoflurane anesthesia. Proximal to scope. Images (512 × 512 pixels) were obtained with a the sciatic trifurcation, about 7 mm of the nerve was SPOT digital camera and processed using Adobe Photofreed of adhering tissue and four ligatures (4-0 chromic shop 5.5 image-manipulation software (Adobe Systems, gut) were tied loosely around it at 0.5-1.0-mm intervals.
Mountain View, CA, USA).
The incision was closed in layers and prophylactic peni-
In order to differentiate between live and dead cells, cillin (50 mg/kg, IM) was administered, followed by flow cytometry was used. All analyses were performed subcutaneous injection of 5 ml of 5% glucose solution on a FACS dual-laser flow cytometer (Becton-Dickinto prevent dehydration. Animals were maintained under son, San Jose, CA, USA) using propidium iodine (PI, 2 standard colony conditions with food and water availµg/ml; Sigma). In brief, approximately 1 × 10 6 cells able ad libitum.
were incubated for 10 min each with PI. After further washing, the cells were finally resuspended in 0.1 M Preparation of SPCs PBS before flow cytometry analysis, with excitation at SPCs were isolated from rat lumbar spinal cords, 488 nm. mainly using the Papain Dissociation System (Worthing-Experimental Design ton Biochemical Corp., Freehold, NJ, USA), with some modification. Briefly, the lumbar spinal cord was disso-For the first set of experiments, animals (n = 10/group) were randomly assigned to one of two treatment groups. ciated in 5 ml of papain solution by trituration, followed Depending upon group designation, the animals received anol, adjusted to pH 7.3 with acetic acid), and at 26 min 100% mobile phase B was run for 4 min. Aspartate, either 10 6 of cultured SPCs in medium or an equivalent volume of medium (25 µl), both injected intrathecally, glutamate, serine, glycine, citrulline, taurine, and glutamine were successfully separated using this method. Ex-administered 3 days post-sciatic nerve injury. The thermal nociceptive threshold was measured before CCI, ternal standards, containing 0, 10 −8 , 10 −7 , 10 −6 , and 10 −5 M of the amino acids, were run at the beginning and the and then on even-numbered days, to the 14th day inclusive, to assess the therapeutic effect of the cell transplan-end of each sample group. The detection sensitivity was up to 10 −8 M. The concentration of GABA in normal rat tation.
The second set of experiments examined the amino spinal dialysate was under 10 −8 M. Sensitivity was 5-10 pmol/10 µl tube. acid release in the cerebral spinal fluid (CSF) after intrathecal SPC transplantation by intrathecal microdia-GAD Immunohistochemistry lysis. Animals with an inserted microdialysis probe (Mar-Rats were anesthetized with pentobarbital (100 mg/ sil Co., Sandiego, CA, USA) were randomly assigned kg, IP) and phenytoin (25 mg/kg, IP) and transcardially to one of two groups (n = 5/group) for assessment of perfused with 100 ml of heparinized saline followed by glutamine, aspartate, citrulline, GABA, and glycine con-250 ml of 4% paraformaldehyde in phosphate buffer centrations. The dialysates were collected on the day be-(pH 7.4). Two hours later, the spinal cords and sciatic fore and on days 1-7 and days 10 and 14 after intrathenerves were removed and postfixed in the same fixative cal delivery.
for 6 h. After postfixation tissue was cryoprotected in The third set of experiments was designed to trace 30% sucrose overnight and frozen transverse spinal cord the transplanted cells. Cultured SPCs (10 6 ) were injected sections (10 µm) were prepared and stored in phosphate intrathecally 3 days postoperation. Three animals were buffer at 4°C. Anti-GAD (Sigma, 1:100) was used as sacrificed every week (weeks 1-4), and the GAD was the primary antibody. Peroxidase-conjugated goat antistained by immunohistochemistry in spinal cord section. rabbit antibody (Jackson ImmunoResearch Laboratories, 1:250) served as the secondary antibody. Immunoactiv-Assessment of Thermal Nociception ity was developed with DAB was detected using a Leica The thermal nociceptive threshold was measured bemicroscope. For control purposes representative sections fore and after induction of the nerve injury, using a were processed in the same way using a nonimmune somewhat modified technique originally described in mouse serum or specifically preadsorbed sera instead of 1988 by Hargreaves et al. (8). The animal was placed the primary antibodies, or omitting primary antibodies on a glass plate (maintained at 30°C) for 5-10 min for in the incubation. Under these conditions no specific imadaptation. Latency between application of a focused munostaining was observed. Because we compared litlight beam and hind paw withdrawal response was meatermates, these experiments were carried out in parallel sured to the nearest 0.1 s, with cutoff time in the absence using the same solutions to eliminate variations on stainof response of 20 s. This value was then assigned as the ing sensitivity. response latency. Testing providers were blinded to the The number of GAD-immunoreactive SPCs in the experimental condition. subarachnoid areas was determined by quantitative automatic image analysis (Metamorph v 4.5, Universal Im-Amino Acid Analysis aging Co.). Furthermore, in 10 sections per animal, 50 The dialysate was assayed by HPLC (HP1100/U.S.A.) mm apart from the catheter tip, the size of GAD-immuwith fluorescence detector (excitation wavelength 250 noreactive SPCs was calculated automatically. Results nm; emission 470 nm wavelength cutoff filter). Separaare expressed as percentage of GAD-immunoreactive cells tion was performed using a reverse-phase C-18 column in the subarachnoid space per section, and are mean ± (150 × 4.6 mm, 3 µm particle), with precolumn derivati-SD of groups, derived from individual means. zation with ortho-phthalaldehyde (27 mg OPA, 1 ml of methanol, and 10 µl of 2-mercaptoethanol). The elution
Statistical Analysis buffer was 0.4 M boratic acid (pH 10.4). Column deri-Parametric repeated measures ANOVA followed by vatization was produced using injection of 1 µl of OPA, Newman-Keul's test or protected t-test were used for 5 µl of buffer, and 5 µl of sample, which had been plantar test data analysis. Critical values corresponding mixed 20 times in an autosampler. The flow rate was to p < 0.05 were considered statistically significant, with 0.8 ml/min, and the gradient started with 100% mobile data expressed as mean ± SD. phase A (2.72 g sodium acetate tri-hydrate, 1 L purified RESULTS water, 90 µl triethylamine, 1.5 ml tetrahydrofuran, pH Proliferation Assay adjusted to 7.1 with acetic acid). At 25 min 30% mobile phase B was initiated (1.4 g sodium acetate trihydrate,
The only mitogen used in the cultivation medium was 20 ng/ml FGF-2 (fibroblast growth factor). Stem cells 100 ml purified water, 200 ml acetonitrile, 200 ml meth-20 LIN ET AL. that had been maintained and passaged for 4 weeks in a cells at 3 weeks after transplantation (p < 0.05). The number of GAD-immunoreactive cells at 1 day follow-proliferation medium were consistently stained for BrdU ( Fig. 1A) . Flow cytometry revealed that 99% of culti-ing transplantation, as baseline, was 735 ± 79 per section. At 4 weeks following transplantation, the number vated cells were positively stained after 36 h of BrdU incubation.
of GAD-immunoreactive cells was 213 ± 41 per section (Fig. 3) .
Cell-Specific Lineage Markers
Behavioral Effect of SPCs or Medium on Established It was determined that cultures consisted of single Thermal Hyperalgesia and multiple epithelioid spheres. Where fibroblasts were Baseline latencies for animals injected intrathecally present, their number was often relatively small. Most with SPCs were similar to those for animals injected spinal progenitor cells were situated in the free-floating with medium alone (p > 0.05) (Fig. 4) . By contrast, sigmasses, with much fewer noted on the walls of the culnificantly increased limb withdrawal latency was demture flask. Immunocytometry revealed that these SPCs onstrated for rats injected with SPCs (days 8, 10, 12, were GAD positive in about 65% (Fig. 1A) . and 14 postsurgery) in comparison to the controls (p < Cell Viability 0.05) (Fig. 4) . Notably, normalized thermal withdrawal Most of the SPCs were viable, with in vitro flow cythreshold was determined on the 12th and 14th days tometry tests revealing an average of 83 ± 15% living postlesion for animals that had undergone intrathecal cells. (Fig. 1B) .
SPC injection.
Histopatholgical Examination Amino Acid Analysis
Baseline concentrations for all amino acids, except The appearance and distribution of GAD-immunoreactive cells in normal rats is shown in Figure 2 . Most of GABA, were detectable for all animals tested with no significant differences comparing experimental groups the transplanted cells were distributed in the pericatheter dorsal horn region from L2 to L6. Quantification of the (Table 1 ). The concentrations for the excitatory amino acids (glutamate, aspartate, citrulline) were not signifi-GAD-positive cells performed with MetaMorph showed a decline in the percentage of GAD-immunoreactive cantly different compared with baseline. The concentra- tion of the inhibitory amino acid glycine, however, was significantly increased on days 5, 6, 7, and 14 post-SPCs injection (Fig. 5 ).
DISCUSSION
Spinal cord stem cells undergo self-renewal and can differentiate into multiple neuronal phenotypes. Effects on the profileration capacity of the different classes of neurons found in SPCs have been demonstrated for specific mitogens and substrates. Importantly, a greater capacity for neuronal differentiation has been demonstrated for bFGF-generated neural precursor cells (14, 15) . In our experiments, analysis of immunocytochemistry data revealed that most of the spinal progenitor cells are glutamic acid decarboxylase positive, and this is used as a GABAergic neuron-specific marker with GAD cells incorporating BrdU, confirming that GABAergic progenitor cells undergo self-renewing division in vitro. Several studies have revealed, however, that CNS populations of neural precursor cells, isolated using different mitogens and substrates, are intrinsically different and, therefore, that their characteristics cannot be directly compared (10, 20) . Our cells were expanded in the presence of bFGF, and it was demonstrated that proliferating GABAergic neuronal cells, derived from embryonic rat The present study has demonstrated that intrathecal SPCs may alleviate thermal hyperalgesia following nerve injury. Thus, the development of nontumorigenic SPCs would be invaluable in progressing towards the goal of overcoming neuropathic pain. Interestingly, dissociated cell cultures prepared from the lumbar spinal cords of the rats revealed that spinal cord progenitor cells were able to survive in vivo in the lumbar subarachnoid space for at least 3 weeks in the absence of EGF or FGF. This is inconsistent with the traditional notion that continuous local presence of growth factors (EGF and FGF) is important for the promotion of long-term survival of spinal cord cells. Our results indicate the possible presence of endogenous growth factors in CSF, which supported the growth of the spinal progenitor cells.
It has been demonstrated that a low concentration of bFGF (0-0.1 ng/ml) promotes the generation of exclusively neuronal progeny from stem cells generated from (1-10 ng/ml) oligo-dendroglial production has been transplantation was indicated as week 0 (arrow). The times noted (11, 12) . By contrast to previous studies, our re- Thermal withdrawal latency before nerve injury was indicated as day 0 (arrow). Significantly increased thermal withdrawal latency was demonstrated on days 8, 10, 12, and 14 postlesion for CCI rats after intrathecal SPC injection compared with controls injected with medium only. Thermal withdrawal latency returned to normal on days 12 and 14 postlesion. The protected t-test was used to analyze the results, which are expressed as mean interval for hind-paw withdrawal ± SD. *p < 0.05. Values are mean ± SE pmol/25 µl. Figure 5 . The amino acids release for normal rat CSF after intrathecal SPC injection. Concentration of amino acids prior to transplantation was indicated as day 0 (arrow). The CSF glycine concentration increased significantly from day 5 to day 10, returning to baseline on day 14 posttransplantation. Results are expressed as mean percentage change from baseline ± SD. *p < 0.05. latory mechanism for this specific phenotypic differenti-of biological minipumps as a therapeutic approach for neuropathic pain. Further, the results support previous ation of progenitors towards neuronal lineage is still not known, our results from exposure of the neuronal pro-findings of the efficacy of neuronal cells bioengineered to synthesize low localized doses of GABA near the spi-genitors to 20 ng/ml bFGF, in vitro, indicate a multipotent progenitor that might give rise to a large clone of nal dorsal horn for reversal of chronic neuropathic pain following CCI (6). the GAD neuron. Hence, these GABAergic spinal progenitor cells have better capacities after in vivo trans-In summary, the results of our study demonstrate that spinal progenitor cells can alleviate thermal hyperalgesia plantation for GABAergic interneuron loss in neuropathic pain.
after chronic nerve constriction in rats. A high proportion of the presynaptic axon terminals SPC transplantation, returning to baseline by day 14. By
